Graphene superlattices have been extensively investigated and exhibit various emergent single-particle properties in addition to those of pristine graphene, yet to date, the collective plasmonic behaviors of the Dirac electrons in such systems remain largely unexplored. Here we use a microscopic description to explore the quantum plasmonic properties of one-dimensional graphene superlattices under physically realistic conditions. The emerging additional Dirac points at nonzero electron energies caused by the chiral nature of graphene carriers lead to interband excitations between the induced minibands. Such segments of the electron-hole pair continuum are strongly coupled to the plasmon modes along the superlattice direction. As a result, there exist a spectrum of emergent quantum plasmonic effects, including enhanced damping, multiple plasmon modes at the same wave vector, and oscillatory plasmon energies with respect to the sweeping Fermi level. In contrast, the coupling along the perpendicular direction is much weaker, and the plasmonic dispersion and damping remain largely intact as those of pristine graphene. These findings of fundamental nature may also offer additional technological potentials in graphene optoelectronics, such as plasmonic waveguides.
I. INTRODUCTION
Graphene has attracted a great amount of research interest [1, 2] due to its unique linear energy dispersion E k = ±v F |k|, where v F = c/300 is the group velocity in graphene (c is the vacuum light speed) [3] . Such massless Dirac fermion behavior distinguishes graphene from conventional two-dimensional (2D) massive electron systems with parabolic energy dispersion, as reflected by a spectrum of unusual properties [4] . When graphene is subject to a periodic potential, more intriguing quantum effects emerge in addition to those of pristine graphene. Recently theoretical studies have highlighted anisotropy in the band structure [5] and generation of additional Dirac points [5, 6] and these band modifications further lead to unconventional degeneracy and step size in the quantum Hall conductivity [7] . Other extraordinary behaviors for such graphene superlattices have also been predicted, including emerging zero modes [7] [8] [9] , effective magnetic fields [10] , and gap opening induced by electron interactions [11] . Experimentally, generation of additional Dirac points has been confirmed by adopting the moiré superlattices in graphene coupled to hexagonal boron nitride [12] . More recently, such moiré superlattice systems have been observed to exhibit Hofstadter's butterfly pattern in quantum transport measurements [13] [14] [15] .
Besides the single-particle properties, the plasmonic behaviors of pristine graphene have also been studied, and are * lixg@siat.ac.cn † cgzeng@ustc.edu.cn found to differ substantially from those in conventional metals and semiconductors [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Examples include the unusual plasmon energy (ω p )-carrier density (n) relationship [16] [17] [18] [19] [20] (n 1/4 , in contrast to the n 1/2 dependence in conventional 2D electron systems [31] ), plasmon-electron coupling [21] , composite excitations [22, 23] , strong and tunable plasmonlight coupling [19, 24, 25] , long lifetime [26] , and effective confinement [26] [27] [28] . Nevertheless, despite the intriguing single-particle phenomena revealed in graphene superlattices, their collective plasmonic behaviors still remain largely unexplored. Since the collective motion is inherently related to the single-particle behaviors [16] , it is conceptually intriguing to see if strong modulations of the plasmonic properties in the quantum regime should also be present in graphene superlattices.
Earlier studies have shown that the graphene-mediated plasmon modes can be largely tuned by a periodic dielectric environment [32, 33] , while here we discuss an intrinsic tunability based on the modulation of the electronic ground states in the graphene sheet. In this work, we investigate the quantum plasmonic modes of graphene subject to a one-dimensional Kronig-Penney periodic potential using a microscopic description. The generated Dirac points modify the electron-hole pair continuum in pristine graphene into successive emerging segments. Such continuum segments are in turn coupled strongly to the plasmon modes along the superlattice direction, but only coupled very weakly to that along the normal direction. These highly anisotropic couplings give rise to the strong anisotropic plasmonic behaviors with exotic richness.
II. METHODS
Here we consider a symmetric square periodic potential applied to an infinite 2D graphene sheet as shown in Fig. 1(a) . The period of this superlattice is a and the amplitude of the square potential is V . The direction along the superlattice is defined as x and the perpendicular direction is defined as y. Since the particle-hole symmetry is still retained in such a superlattice, we will consider only E F > 0 in this work. Near the corner point K of the first Brillouin zone (BZ), the effective Hamiltonian of graphene at low energy can be expressed as
where k x and k y are the momenta along x and y directions, respectively, measured from the K point. Within a superlattice potential, the Hamiltonian becomes
where
The band dispersion and eigenstates of such a Hamiltonian are obtained by treating V ext as a weak perturbation and then numerically evaluating the Hamiltonian matrix using a planarwave basis [5] . The Hamiltonian matrix elements are
where s,s = ±1 stand for pseudospins and V G are the Fourier components of V ext (x) at reciprocal lattice vector G. Each band is considered to be fourfold degenerate, accounting for the spins and valleys.
Figures 1(b) and 1(c) plot the miniband structures of the graphene superlattices for two different V 's in the superlattice BZ (SBZ) with −π/a < k x < π/a. The additional emerged Dirac points can be found at energies E = mπ v F /a on the k y = 0 plane, where m = ±1, ± 2, etc. Their wave vectors are located at k = (0,0) when m is even and k = (±π/a,0) when m is odd [5, 6] . Apart from these fixed-position Dirac cones on the k y = 0 plane, extra cones with linear dispersion emerge in pairs on the k x = 0 plane when V is sufficiently large [7] [8] [9] [10] . These movable extra cones are qualitatively different from those fixed Dirac points [7] , but still have a nontrivial effect on the plasmonic behaviors. The fixed-position added Dirac points are inherent to the chirality of the carriers in graphene [5] and the label m can be viewed as the label of a series of minibands, each of which intersects with the minibands above and below it only at the additionalemerged Dirac points. As we will demonstrate in the following sections, the single-particle transitions between these minibands play a critical role in determining the plasmonic properties of the graphene superlattices.
The plasmon frequency is solved for within the framework of the random phase approximation (RPA) subsequently [16] [17] [18] 21] . The dielectric function within the RPA can be expressed as
where v(q) = 2πe 2 /q is the Fourier transform of the Coulomb interaction and (q,ω) is the RPA polarizability, which can be calculated as [16, 34] 
where k integrates over the SBZ and j,j sum over all bands independently. The dielectric function ε RPA (q,ω) is numerically evaluated for any given q using a method based on Hilbert transformation [34] . In order to make the dielectric function appear smoother, the single-particle excitations being summed up first get broadened (∼0.002 eV) by a rectangular function [34] . We will consider only the T = 0 situation such that the Fermi distribution
−1 simplifies to step function θ ( − E F ). The Fermi energy is shifted away from the intrinsic Dirac point due to the external potential, and therefore we discuss the so-called "extrinsic plasmons," which would not disappear at T = 0 [35] . The dielectric constant ε r in Eq. (5) is set to 2 to emulate a graphene sheet placed onto silicon dioxide (ε r = 4) in vacuum.
The plasmon frequency and its decaying behavior are determined by
We adapted the method introduced in Ref. [18] to calculate the plasmon frequency and decaying behavior separately. The real part of Eq. (7) is used to obtain the plasmon frequency ω p = ω p (q), and the decaying behavior can then be extracted from the imaginary part of ε RPA (q,ω p ) for this particular plasmon 245415-2 mode. For example, the imaginary part of the effective wave number that accounts for decay along the direction of q can be expressed as [18] 
In this study, we have ignored the plasmon damping induced by the electron-impurity, electron-phonon, and higher-order electron-electron interaction beyond the RPA [36] . However, as we will see later, based on our calculation, the anisotropic effect of the plasmon is prominent such that we can still expect a visible effect even if those damping processes are considered.
III. RESULTS
A. Dielectric function Figure 2 compares the dielectric functions of pristine graphene and a graphene superlattice as functions of q and ω, where q can be along either the x or y direction. The plasmon modes develop at the positions where the real parts of the dielectric functions are zero. The imaginary part, containing information about the single-particle excitations, characterizes the magnitude of the Landau damping of the plasmon modes [16, 17] . In pristine graphene, the plasmon frequency grows monotonically with q and extends into the single-particle electron-hole continuum, namely, the interband region consisting of single-particle excitations between the conduction and valence bands, where the Landau damping of the plasmon mode becomes substantially strong [16] [17] [18] . Unlike pristine graphene, which has a continuous conic dispersion, a graphene superlattice has a miniband structure and interband excitations between the minibands [see Fig. 3(a) ] have more significant influence on the frequency and damping of the plasmon modes. The interaction between the plasmon modes and interband single-particle modes will broaden the plasmon modes by introducing extra Landau damping, and will also hybridize the dispersion of these excitons, leading to the complex dispersion relationship shown in Fig. 2(b) . As a consequence of the hybridization, there can exist more than one plasmon mode at the same q value. This phenomenon could be analogized to various composite excitations in which the miniband structure is obtained by quantum confinement [37] . Interestingly, the strong hybridization occurs only along the x direction. The plasmon modes along the y direction are coupled much less strongly with the single-particle excitation regions, and their energy dispersions largely resemble that of pristine graphene.
Dispersion and E F dependence
Next, we show the dependence of the plasmon modes on the Fermi energy E F by plotting the dielectric function against E F and ω in Fig. 3 . The plasmon frequencies are still at the roots of the real part of the dielectric function. From these figures, "ribbonlike" shapes are noticed, in which the large imaginary part of the dielectric function implies relatively strong Landau damping. These ribbons clearly outline the region of the interband excitations. In Fig. 3 , we have also plotted the E F dependence of the lower limits of the interband transition energies across different miniband band gaps [38] . Due to the strong coupling between the plasmon and interband single-particle modes, the plasmon modes along the x direction tend to avoid overlapping with the ribbonlike regions, thus providing the oscillating energy curves as shown in Figs. 3(c)  and 3(d) . The behaviors of the plasmon energy curves are rather complicated at large E F , due to the intersections with multiple ribbons. In contrast, the y-direction plasmon energy basically preserves the simple ω p ∼ E 1/2 F relationship as in pristine graphene [ Fig. 3(b) ], again thanks to the considerably weaker interaction with the interband excitations along the y direction.
Effect of movable Dirac cones
We have mentioned that when V is sufficient large, extra Dirac points emerge in pairs from the set of immobile Dirac points. This happens not only to the original Dirac point of graphene at E = 0 which has been studied as extra zero modes in Refs. [7] [8] [9] [10] , but also to Dirac points corresponding to m = 0 under larger V . The previously studied additional zero modes can lead to oscillating behavior in conductivity [8, 9] and higher degeneracy of Landau levels [7] . From the viewpoint of plasmonic behavior, these extra Dirac cones (not limited to zero energy) can result in relatively stronger Landau damping at low energy and further modify the plasmon frequency.
It has been shown that in a superlattice the ratio v y /v x of the group velocities, which characterizes the anisotropy near a Dirac point, can reach zero if provided with some specific values of V [6] . In fact, for our simplified case of a square potential, the ratio at the mth fixed Dirac point can be written analytically as It is generally observed that, for any m as V increases, this ratio will first rise to 1 (except at m = 0), and drop to 0 at a multiple of 2πv F /a; after that it will bounce up and repeat this variation. From Eq. (9), v y drops to zero when
At these well-defined values of V , additional mobile Dirac points spawn from the fixed Dirac points in pairs [39] . energies. In the corresponding plots of dielectric functions in Fig. 4 , the fan-shaped regions split into multiple subregions, the number of which equals the number of different transition energies between the Dirac points. The plasmon frequency adds further complications on top of the original oscillating behavior, and leads to a second oscillation with respect to V .
B. Plasmon energy
The interband ribbons together with the plasmon energy evolve with increasing V in a complex manner (see the video in the Supplemental Material [40] ), in association with the band structure of the graphene superlattice. It is generally observed that as V grows, the ribbons tend to be narrowed and gather higher intensity. Consequently, a ribbon with higher intensity is able to create a significant drop in the x-direction plasmon energy curve [For example, compare the ribbon labeled as IV in Figs. 3(c) and 3(d).]. Along the y direction, the strength of the Landau damping is still determined by their intensity, although the intensities of the ribbons are not enough to substantially affect the plasmon dispersion. Figure 5 displays the plasmon energy and damping as functions of different system parameters. In order to gain more quantitative insights into the effect of plasmon damping, q 2 that has been described in Eq. (8) is calculated to give a rough estimate of the number of wavelengths for the plasmon mode can possibly propagate before it decays exponentially [18] . As shown in Fig. 5(a) , the valleys seen at the energies of the Dirac points E F = mπ v F /a are the signatures of the narrowed ribbons that we have discussed above. As V increases, the number of the valleys also increases. On the other hand, the valleys disappear at values of V specified by Eq. (10). Intriguingly, we see a clear correspondence between the ratio |v y /v x | defined in Eq. (9) and the depth of the valley of the same Dirac point: a higher v y /v x results in a deeper valley at the corresponding energy. This fact further supports the point that a close correlation holds between the plasmon modes and the miniband structure of the graphene superlattices. Aside from V and E F , the energy and damping of the plasmon modes in the graphene superlattices also exhibit strong tunability on the magnitude and direction of q, as shown in Figs. 5(b) and 5(c). Essentially, the plasmon shows the strongest decay along the x direction as E F is set around the Dirac points. This strong and controllable anisotropy in the plasmon propagation provides a further possibility for plasmonic applications in graphene superlattices, such as highly directional plasmonic waveguides [30, 41] .
IV. SUMMARY AND CONCLUSION
Recently, graphene superlattices with periods down to several tens of nanometers have been achieved by adopting nanofabrication [42, 43] . Such small period ensures carrier dynamics to be in the quantum regime. Therefore, the rich quantum plasmonic behaviors described above in graphene superlattices can feasibly be observed. The plasmon modes in a graphene superlattice can be excited by electromagnetic radiation if the graphene ribbons are adopted to fulfill a wave vector match [19] . Assuming a superlattice period a = 50 nm and a ribbon width L = 0.5 μm, the emergence of the second lowest valley as shown in Fig. 5(a) requires V > 20 meV and the position of the valley will be E F = 41 meV. These values are within the limit of current technologies [42, 43] . The typical plasmon energy in this circumstance will be ∼3 THz, lying in the range for terahertz applications.
In conclusion, we have investigated the quantum plasmonic behaviors of one-dimensional graphene superlattices. The emerging additional Dirac points due to the chiral nature of graphene modify the band structures into a series of minibands. The induced electron-hole pair continua are coupled strongly to the plasmon modes along the superlattice direction, and this leads to multiple hybridized plasmon modes at the same wave vector, enhanced damping, and oscillatory plasmon frequency with respect to the sweeping Fermi level. In contrast, the plasmonic behaviors along the perpendicular direction are barely affected by these interminiband excitations. These rich plasmonic properties may shed light onto the exploration of graphene-based electromagnetic and optoelectronic devices, for instance plasmonic waveguides and filters.
